In this review calixarene complexes with copper, silver, gold, zinc, cadmium and mercury ions are described, showing their properties and application possibilities. In some cases also resorcinarene and pyrogallolarene metal complexes are presented. The attention is paid to species interesting in the search of artificial enzymes.
Calixarene complexes with copper ions
It is known that Cu 2+ ion plays an important role in biological systems, however it is also a significant environmental pollutant; the detection and determination of this ion receives today growing attention. 44 Many reports deal with calixarene copper complexes. [45] [46] [47] [48] [49] [50] In investigation of calixarenes 1-3 bearing β-ketoimine groups, it was shown that these functions enable their complexation with transition metal ions. Calixarenes 1-3 exist in a cone conformation in solution; with Cu 2+ , Ag + and Hg 2+ ions they yield the 1:1 complexes. 51 In the solid state "a polymeric linear chain" is formed as a result of intermolecular interactions between β-ketoimine groups.
The water-soluble calixarene 4, in which the 2,2'-bipyridine units show both hydrophilic and chelating properties, forms complexes with Cu + and Cu 2+ ions. The aqueous solution of 4 treated with [Cu(MeCN) 4 ]PF 6 affords the 1:1 complex Cu + ·4. 52 It should be pointed out that Cu + ·4 is very stable, even in the presence of bovine serum albumin and is promising for use in biological media.
The complexation properties of calixarenes 5 and 6 toward Cu 2+ and Zn 2+ ions have been investigated. 53 The binding of 5 with metal ion M 2+ (Cu 2+ or Zn 2+ ) is a two-step process, the first step involves the complexation of metal ions with imine functions affording 7 and the second one concerns the binding of two ether oxygen atoms of the pendants to give 8.
It was found that the spacer imine groups of 5 that are in conjugation with the anthryl units are responsible for fluorescence quenching when the metal ion is absent. In free 5 the imine group conjugated with the anthryl unit makes the system rigid; the lone electron pair is delocalized on the π-cloud of the anthracene unit. Due to this rigidity a favorable orbital overlap between the imine nitrogen atom and the π-orbital of anthracene exists, resulting in photoinduced electron transfer (PET) from imine nitrogen atom to the photoexcited anthryl unit. The presence of the conjugated imine moiety in 5 is responsible for the fluorescence quenching of the anthryl unit, since the photoinduced electron transfer (PET) from nitrogen atom of the imine group to the anthryl π-cloud exists.
The binding of the metal ion with imine groups destroys the effect of the lone pairs of nitrogen atoms which had caused the conjugation; therefore the PET is prevented and the fluorescence intensity increases. This fluorescence enhancement is stronger in 5 than in 6 where no imine moiety is present. It was found that 5 acts as a chemosensor for Cu 2+ ; since the increase in the fluorescence intensity for Cu 2+ is higher than for Zn 2+ , these both ions can be differentiated.
The chiral amphiphilic resorcinarene 9 containing four L-proline (Pro) moieties at the wide rim and four undecyl groups at the narrow rim has been synthesized. The molecules of 9 may self-assemble at the air-water interface as stable Langmuir monolayers. In the investigation of the effect of various cations on the stability of Langmuir monolayers it was found that their stability is highly increased in the presence of Cu 2+ ions, while in the presence of Cd
2+
, Co 2+ and Ni 2+ ions only slight stabilization occurs. 54 The supramolecular complex Cu 2+ ·9 shows enantioselective recognition properties towards phenylalanine (Phe), with a stronger affinity for D-Phe than for L-Phe. The recognition process occurs via the formation of a ternary complex Cu 2+ ·9·D-Phe. In this complex the Cu 2+ ion is chelated by two carboxylato oxygen atoms and by two nitrogen atoms of Pro and Phe, forming a planar square. 54 The above results are promising for the use of macrocyclic receptors of the type of 9 as active layers in the design of enantioselective sensors. 
Scheme 1
The complexation of calixazacrowns 10a-c and their homologues 11a,b In biological systems the coordination properties of the metal ion are controlled by proteins. In order to mimic such biological coordination, ligands basing on calix [6] arenes functionalized at the narrow rim by nitrogen arms were designed. In these ligands the aza-donors secure the first coordination sphere with one open binding site directed toward the center of calixarene cavity. The calixarene narrow rim defines the second coordination sphere, whereas the aromatic units of the calixarene act as a hydrophobic funnel selecting and driving the guest molecule to the metal center. 60 The complexation of Cu + and Cu 2+ ions by tris(pyridine)calix [6] arene 20 has been studied. 61 
Calixarene complexes with silver ions
In the study of calixarene complexes with silver ions [69] [70] [71] [72] [73] The clathrate 41 is further stabilized through a network of hydrogen bonds. The endo coordinated amine units interact with the phenolic hydroxyl groups of calixarene 39. The free amino groups of the two exo molecules of 40 form weak hydrogen bonds with free amino groups of the adjacent molecules of 41. Due to the above hydrogen bonds, the distortion of the capped structural motif takes place.
It was observed that upon deamination occurring by heating the sample 41, its color changes from white to yellow and then to brown, indicating the reduction of the Ag + ion and formation of nanocrystalline clusters consisting of 39 and metallic silver.
The oligophenylene-substituted calix [4] crowns 42a-d form complexes with Ag + ion. 81 The binding of crown ether moiety with Ag + ion is weak, therefore the reversible disassembling of 
Calixarene complexes with gold ions
In the study of calixarene gold complexes 49, 82 it was observed that the compound 43 containing four two-coordinate linear gold halide units exists as an equilibrium between two boat conformers 43a and 43b which undergo an easy conformational exchange [83] [84] [85] in solution. In order to synthesize resorcinarene digold complexes the disilver complexes 44a-c were treated with [AuCl(SMe 2 )]. The reactions occur with the precipitation of silver chloride, and as products the resorcinarene digold complexes 45a-c are formed. 83 It should be pointed out that the complex 47 has an unusual polymeric structure in the solid state in which molecules A and B are linked via Au···Au interactions at each end; in this way two intermolecular aurophilic bonds are formed. The presence of these aurophilic attractions between the chelated S-Au-S gold centers and the linear S-Au-Cl gold centers results in an infinite, alternating pattern of the two different components A and B, which create this polymeric structure. The solid-state structure of the complex 47 contains both the chelate form in A and the terminal ligand form in B.
The reaction of calixarene 48 with four equivalents of [AuCl(THT)] (where THT = tetrahydrothiophene)] affords the tetragold complex 49. 86 In the study of stepwise titration of 48 with AuCl(THT) it has been shown that the first complexation step affords a mononuclear species 50, existing in equilibrium with the assembly 51. The NMR study indicates the dynamic behavior of 50; its all four phosphorus atoms are involved in coordination. The chloro-gold units jump from one phosphorus atom to another; it should be pointed out that both intermolecular and intramolecular jumps are possible. Molecular mechanics calculations have shown the tetrahedral geometry of gold centers. The binding of the second gold unit is more difficult than in the case of the first one. The addition of the second AuCl(THT) molecule leads to the dinuclear gold complex 52 existing in an equilibrium with the assembly 53. The X-ray structure of 53 shows that the linking gold atoms having near-trigonal geometry. The addition of the third AuCl(THT) molecule results in formation of labile complex 54, which upon reaction with the fourth AuCl(THT) molecule yields 49.
In the investigation of vacuum deposition of metal-containing organic compounds [87] [88] [89] it was observed that the incorporation of coordinated metal atoms has a stabilizing effect. [90] [91] [92] The scanning tunneling microscopy (STM) results indicate that the stability of a large organic compound sublimated onto a Au (111) surface under ultrahigh vacuum conditions may be considerably enhanced by coordinating it to gold atoms prior to deposition. For this purpose gold-functionalized calix [4] arene 55 containing two arms derived from melamine units and terminating by triphenylphosphine groups has been synthesized. (EDTA = ethylenediaminetetraacetic acid) and for estimation of zinc ions in industrial waste waters.
It is known that macrocyclic host molecules are promising models for enzymes. When transition metals are coordinated in proximity to the hydrophobic cavities of receptors, the macrocycles function as metalloenzymes. 99 Metalloenzyme models acting in aqueous solution have been designed by employing self-assembly of the p-sulfonatocalix [4] arene 57 (used as a macrocyclic host able to bind cationic guests), bicyclic azoalkanes 58-60 100,101 serving as guests, and Zn 2+ as a metal ion. 102 In this model the metal-guest bond formation is host-assisted,
i.e. is templated by the host. In the soformed ternary complex consisting of 57, the guest and the metal ion, the guest is held by hydrophobic interactions with the host, while the metal ion is held by Coulombic attraction of negative charges situated at the wide rim of 57. If the guest is a weak ligand, the host can assist, i.e. can template the formation of a metal-guest bond. The guest used should be large enough to maximize hydrophobic interactions, and sufficienty small to enable the docking of cations to the wide rim of calixarene 57. The guest should contain functional groups to allow metal-guest interactions. Bicyclic azoalkanes 58-60 have been chosen as guests. Among them, 58 is the most convenient guest, since its binding constant with 57 is the highest, and its small and spherical shape enables the binding of metal ions. 103 The formation of the complex 57·58 and the subsequent binding of metal ion may be controlled by optical spectroscopy, since 58 shows strong fluorescence in water, as well as the near UV absorption. When 57 is added to an aqueous solution of 58, Calix [6] arenes may be used as hydrophobic hosts, their large cavity enables inclusion of a variety of organic guests. Since calix [6] arenes are very flexible, in order to obtain a cavity able to include a guest they must be restricted in a cone conformation. 68 In order to design biomimetic receptors, the system 61 mimicking metalloenzyme active sites by binding metal center incorporated inside a calix [6] arene cavity with a neutral guest has been developed. This system is based on calix [6] arene bearing three imidazole arms and contains the Zn 2+ ion. 105 The imidazole arms are mimicking the histidine residues of the protein. The Zn   2+ ion is coordinated in a tetrahedral geometry. Such funnel complex, increasing Lewis acid character of metal ion in the hydrophobic neutral environment is highly sensitive to different guests (G) of an electron donor character, e.g. RNH 2 , ROH, RCONH 2 , RCN, RCOOH; their encapsulation leads to 61. The hydrophobic pocket is a selective molecular funnel for neutral species. This system 61 is similar to 24, i.e. to copper funnel complex based on calix [6] arene bearing three imidazole arms and Cu 2+ ion, containing the guest molecule G.
In the study of biomimetic zinc funnel complexes basing on calix [6] arene, it was observed that calix [6] arenes 62a·H and 62b·H bearing two imidazole arms and one phenol arm may form three types of complexes with Zn 2+ ion, namely dicationic, monocationic and neutral ones.
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Scheme 5
Complexing properties of calix [6] arene 63, bearing three primary alkylamino arms have been studied. 105 In calix [6] tren 71 the cone conformation is restricted by presence of the tren cap. The calix [6] tren 71 is an effective receptor with the cavity consisting of highly π-basic aromatic walls; the grid-like nitrogenous cap is also highly basic. The host properties of 71 can be tuned by the environment, more or less basic or by presence of metal ions. As a result, 71 may include cationic species such as metal ions or ammoniums as well as various neutral molecules. The reaction of 71 with [Zn (ClO 4 ) 2 (H 2 O) 6 and the guest G yields the complex Zn 2+ ·71·G. . This high robustness is due to both a strong chelate effect of the tren cap and a cavity-controlled access to the metal center. 
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Scheme 6
Bimetallic zinc complexes are of interest in catalytic processes involving asymmetric organic syntheses and enzymatic reactions. Bimetallic zinc complexes usually act as catalysts in organic and enzymatic processes by a tandem participation of both zinc atoms. The catalytic activity of calixarenes containing two zinc centres in close proximity to each other, has been studied. 111 For this purpose bimetallic zinc complex 72a was used as a catalyst of the ring-opening polymerization of L-lactide 73. The reaction leads to complex 74a which by precipitation with nhexane affords poly(lactic acid) PLA and free 72a. In this process PLA with high molecular weight and a low degree of polydispersity is obtained; it was observed that the catalytic activity of 72b is higher than that of 72a. It should be pointed out that PLA is a polymer promising for its biocompatible and biodegradable properties. It was established that the catalytic activity of 72 depends only on the external alkyl zinc group serving as an initiator, and is independent on the alkyl zinc group situated inside the calixarene cavity; this zinc atom, immersed in the calixarene cavity does not participate in catalysis. The above results are an example of the single-site catalytic mechanism of a bimetallic zinc calixarene complex. 111, 112 It should be noted that the calixcrown bimetallic zinc complex 75 also catalyzes ring-opening polymerization of L-lactide to give the complex 76; this process is a confirmation of the zinc single-site catalytic mechanism. The reaction of the bimetallic zinc complex 77 with B(C 6 F 5 ) 3 in benzene, followed by the addition of a bidentate ligand L, such as bipyridine or phenanthroline affords bimetallic complexes 78, whereas upon treatment with wet trifluoroborane etherate the monometallic complex 79 is formed. 113, 114 The single-crystal X-ray analysis of 79, obtained from the toluene solution, shows that Zn 2+ is situated at the centre of an octahedron, with four calixarene oxygen atoms in the equatorial plane. Two water molecules are localized at axial positions, one of them being immersed in the calixarene cavity. 
Calixarene complexes with cadmium ions
Cadmium is used in industry, e.g. in the production of pigments and anticorrosive coatings, alloys and batteries; due to the presence in natural waters, its determination with the use of simple, disposable devices is necessary. Cadmium is toxic to plants and humans, its toxicity involves the strong affinity to thiol groups, displacing the biologically important zinc. 115 Examples of works dealing with calixarene cadmium complexes 49 are described below.
In the study of calix [5] In the search for cadmium sensors it was found that calixarenes 81 and 82 may serve for modification of screen-printed carbon electrodes for complexation of Cd 2+ traces at open circuit. 115 It should be noted that 82 has higher configurational stability than 81, since 82 contains tbutyl substituents at the wide rim, and ethylthio substituents at the narrow rim, therefore 82 has greater propensity to the cone conformation. Since 81 does not bear these groups, it may move through the four possible conformations, i.e. cone, partial cone, 1,2-and 1,3-alternate. and Cu 2+ ions, for this purpose the optical fiber sensor based on 84 has been built. 122 The detection of the above ions involves the covering of the optical fiber core by a transparent polymer containing a complexing agent; its absorption properties are modified in the presence of the considered ions. The trapping of the ion in the polymeric cladding, i.e. in the cavities of the chelating molecules induces a variation of the light power transmitted along the fiber. The detection of metal ions by optical fiber is advantageous as compared to that performed by use of electrochemical techniques, since the probe is miniaturized and no effects of the ionic strength nor of the medium conductivity occur. The method is simple, the detection is done in situ, at ambient temperature and under atmospheric pressure; only source of light, optical fiber and detector are required. 
Calixarene complexes with mercury ions
Mercury is a toxic metal dangerous for human health, its contamination is widespread in the environment. Mercury pollution arises from gold mining and combustion of fossil fuels, as well as from volcanic emissions. A growing attention is paid today to the detection of mercuric ion in the environment and in biological samples. 124 Calixarene complexes with mercury ions are a topic of numerous works. 71, 125, 126 It was observed that thiohexyl oligophenylene substituted calixarenes 86a,b One should mention that in MeCN 89 does not include Cd 2+ ion, while 80a does; this behavior is explained by the fact that the cavity of 80a is larger than that of 89 due to higher electrostatic repulsion of pendant arms of 80a resulting from the presence of four carbonyl groups, therefore the cavity of 80a is more open and, as a result, more able to receive Cd 2+ ion than the cavity of 89.
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The complexation of calixarenes 89 and 90 toward Hg 2+ and Ag + ions in a series of solvents have been investigated. The obtained thermodynamic data were used to assess the effect of solvation of these compounds on their complexing properties. 98, 130 Solubilities and derived Gibbs energies of solutions of 89 and 90 in various solvents have been reported. Solvation of 89 and 90 in one medium relative to another was analyzed from their standard transfer Gibbs energies using acetonitrile as the reference solvent. The standard solution enthalpies were determined for mercury and silver salts in acetonitrile, methanol and DMF. These data have been used to derive their transfer enthalpies from one medium to another.
It was found that the extent of complexation of 89 and 90 with metal cations in different media is not only controlled by the solvation changes of the free cation in various solvents, but also is controlled by the solvation of the ligand and of the metal-ion complex in these solvents. It should be pointed out that FRET is today of a great interest for possibility of its use in optical therapy and in cell physiology, as well as in a selective sensing toward molecular or ionic species. 145 FRET is an excited-state energy interaction between two fluorophores in which an excited energy donor transfers energy to an energy acceptor without photoemission. Many chemosensors are based on a FRET signal mechanism. 143, 144 In the study of calixarenes acting as chemosensors towards cations and anions, a calixarene-based chemosensor 99 which functions as Hg 2+ -induced FRET from the pyrenyl excimer (energy donor) to rhodamine unit (energy acceptor) was reported. 124, 146, 147 Chemosensor 
Conclusions and future outlook
The above review, albeit describing only selected examples, sheds some light on the chemistry of calixarene metal complexes. This field of science develops rapidly due to promising properties of such complexes in chemistry as well as in other research areas; [148] [149] [150] [151] [152] [153] [154] here their use as sensors for metal ions 26, 27 and as catalysts 22 deserves a special attention. One should point out formation of calixarene complexes with lanthanides [155] [156] [157] and actinides [158] [159] [160] in view of the importance of radioactive waste disposal for the environmental protection. Due to the technical progress, one
